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ABSTRACT 

A number of experimental  c e l l s  w i th  sodium anodes and CuCl cathodes were d i s -  
charged. The membranes used t o  separate  the  anode and cathode compartments 
were f ab r i ca t ed  from a N a X  z e o l i t e  o r  a high sodium porcelain.  C e l l  l i f e s  
were e r r a t i c  and var ied  from 6 t o  22 hours. The r e s u l t s  of these t e s t s  and 
compat ib i l i ty  tes ts  indicated an a t tack  of the membrane by molten a l k a l i  
metals.  Subs t i tu t ion  of a magnesium or  magnesium a l l o y  anode with a 
L i C 1 - K C 1  anolyte  f o r  the sodium eliminated the a t t a c k  on the  membrane. Ce l l  
l i f e  w a s  s t i l l  e r r a t i c  but i n  two cases c e l l  l i ves  approaching 70 hours under 
d ra in  were achieved. Cracking of the z e o l i t e  membranes w a s  noted and 
ascr ibed  t o  a volume change which occurred when the sodium ions i n  the zeo- 
l i t e  were replaced with l i thium ions from t h e  anolyte .  Ce l l s  constructed 
wi th  o ther  porous separa tors  and molten CuCl cathodes had l i v e s  of t he  order 
of 15 hours compared t o  c e l l s  wi th  porous separa tors  and s o l i d  CuO cathodes 
which had l i v e s  i n  excess of 72 hours. 

R e s i s t i v i t i e s  i n  fused s a l t s  w e r e  determined f o r  membranes prepared from N a A ,  
NaX, and L i X  by vacuum hot pressing;  from N a X  and LiX by s i l i c a t e  bonding, 
from N a X  and LiX by phosphoric ac id  bonding, and from c lays  of a high sodium 
content .  The LiX w a s  prepared from N a X  by ion exchange. 

Methods of bonding N a X  and L i X  zeo l i t e s  by s i l i c a t e  or  phosphate bonding and 
vacuum hot press ing  were invest igated.  The e f f e c t  of var ious  f a b r i c a t i o n  
techniques upon the  s t r u c t u r e  of the z e o l i t e  w a s  followed by x-ray d i f f r a c t i o n  
s t u d i e s .  The thermal c o e f f i c i e n t s  for  the  var ious bonded z e o l i t e s  were de te r -  
mined and methods of forming high temperature s e a l s  were inves t iga ted .  

Compatibi l i ty  tests showed extensive r eac t ion  of sodium wi th  a high sodium 
porce la in ,  a sodium-alumino-phosphate composition, and a wide v a r i e t y  of 
z e o l i t e  compositions. This reac t ion  necess i ta ted  a change from molten 
sodium t o  s o l i d  magnesium or  magnesium a l l o y  anodes. Compatibil i ty tes ts  
were a l s o  run f o r  the  var ious  materials i n  the proposed c e l l  design 
molten L i C 1 - K C 1  and CuC1. Fb 
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SECTION 1 

INTRODUCTION 

1.1 OBJECTIVE 

The o b j e c t i v e  of t h i s  program i s  t h e  development of a h igh  energy d e n s i t y  
b a t t e r y  capable  of o p e r a t i o n  f o r  72 hours  under ambient c o n d i t i o n s  as are 
b e l i e v e d  t o  e x i s t  on t h e  p l a n e t  Venus. For purposes  of t h e  program, such  
c o n d i t i o n s  were s p e c i f i e d  t o  inc lude  a tempera ture  of 800 F and an  atmos- 
p h e r i c  p r e s s u r e  of 10 b a r s .  

0 

1.2  PROGRAM REVIEW 

A b a t t e r y  system u t i l i z i n g  a s a l t  e l e c t r o l y t e  f u s i b l e  below 800 F ( i . e .  a 
" the rma l  ba t t e ry" )  was chosen as most s u i t a b l e  t o  t h e  Venus environment.  
The s p e c i f i e d  d u r a t i o n  of 72 hours  imposed much more s t r i n g e n t  l i m i t a t i o n s  
on t h e  s e l f - d i s c h a r g e  ra te  than  is  t h e  case w i t h  conven t iona l  t he rma l  b a t t e r -  
ies.  It was a n t i c i p a t e d  t h a t  t h e  s e l f - d i s c h a r g e  p rocess  most l i k e l y  t o  l i m i t  
b a t t e r y  l i f e  would be t h a t  r e s u l t i n g  from t h e  d i f f u s i o n  of e l e c t r o d e  materials 
th rough  t h e  s e p a r a t o r ,  Two methods of c o n t r o l l i n g  t h i s  process  e x i s t :  (1) 
u se  of i n s o l u b l e  o r  on ly  s l i g h t l y  s o l u b l e  e l e c t r o d e s ,  o r  (2)  development of 
a s e p a r a t o r  having select ive pe rmeab i l i t y  t o  ions  and d i s s o l v e d  s p e c i e s .  
I n  t h e  l a t t e r  case t h e  s e p a r a t o r  would be r equ i r ed  t o  have a h igh  perme- 
a b i l i t y  t o  ions  of t h e  e l e c t r o l y t e ,  but  ve ry  low pe rmeab i l i t y  t o  t h e  
d i s s o l v e d  e l e c t r o d e  materials. An a d d i t i o n a l  f a c t o r  of importance i n  t h i s  
connec t ion  was t h a t  i n s o l u b l e  e l e c t r o d e s  g e n e r a l l y  produce lower p o t e n t i a l s  
and g r e a t e r  p o l a r i z a t i o n  problems than do s o l u b l e  e l e c t r o d e s .  This  cons ider -  
a t i o n  and t h e  importance of h igh  energy d e n s i t y  f o r  the in tended  miss ion  
dec reed  t h a t  a b a t t e r y  system involv ing  s o l u b l e  e l e c t r o d e s  and t h e  second of 

0 

the abcve t w c  mt!Ic!ds f e r  ccn t rg l l i cg  self dischzrge, he n_dopted_, 
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TWO t ypes  of materials e x i s t  p o t e n t i a l l y  capable  of meet ing t h e  s e p a r a t o r  
requirements .  These are t h e  s y n t h e t i c  z e o l i t e s ,  and c e r t a i n  p o r c e l a i n s  o r  
g l a s s e s .  The l a t t e r  had been sub jec t ed  t o  c o n s i d e r a b l e  i n v e s t i g a t i o n  and 
were known t o  have good i o n  s e l e c t i v i t y  but  unacceptab ly  high r e s i s t a n c e  
a t  800°F. The z e o l i t e s  had been e x t e n s i v e l y  s t u d i e d  i n  aqueous e l e c t r o -  
l y t e s  a t  temperatures  up t o  200 C.  
conduc t iv i ty  and a p p r e c i a b l e  i f  no t  w e l l  documented ion  s e l e c t i v i t y .  N o  
in format ion  w a s  a v a i l a b l e  on t h e i r  c o n d u c t i v i t y  i n  fused  s a l t s .  However, 
some d a t a  e x i s t e d  on t h e i r  i n t r i n s i c  i on  c o n d u c t i v i t y  a t  800 F and above, 
and t h i s  t o g e t h e r  w i t h  t h e  r e s u l t s  of t h e o r e t i c a l  r eason ing  i n d i c a t e d  t h a t  
a z e o l i t e  could be found having the  r i g h t  combinat ion of ion c o n d u c t i v i t y  
and s p e c i f i c  i on  pe rmeab i l i t y  r e q u i r e d  f o r  t h e  purposes  of t h i s  program. 
There appeared t o  be good r easons  f o r  b e l i e v i n g  t h a t  t h e  s y n t h e t i c  z e o l i t e s  
were most promising . 

0 
I n  such  e l e c t r o l y t e s  t hey  have good 

0 

In  accordance w i t h  t h e  fo rego ing ,  t h e  program was i n i t i a t e d  w i t h  t h e  working 
hypothes is  t h a t  a s u i t a b l e  semi-permeable s e p a r a t o r  would be o b t a i n a b l e ,  and 
i n i t i a l  work on cathode m a t e r i a l s  s t r e s s e d  s o l u b l e  e l e c t r o d e s .  For  r easons  
a s  d i scussed  i n  p rev ious  r e p o r t s ,  CuCl and B i C l  were s e l e c t e d  as t h e  most 
promising,  and u l t i m a t e l y ,  a t t e n t i o n  w a s  c e n t e r e d  on CuC1. A no t  unimportant  
reason  f o r  i t s  s e l e c t i o n  was t h a t  i t  could be conceived as i n t e r m e d i a t e  t o  
t h e  development of CuCl a s  a d e p o l a r i z e r .  This  l a t t e r  material  deve lops  

3 

about t h e  h ighes t  ca tho  i e p o t e n t i a l  p o s s i b l e  i n  fused  c h l o r i d e  mel t s .  

Anodes of i n t e r e s t  were e x c l u s i v e l y  t h o s e  of t h e  a l k a l i  metal o r  a l k a l i n e  
e a r t h  groups,  a l l  of which e x h i b i t  s a t i s f a c t o r y  p o l a r i z a t i o n  behavior  and 
which develop about  t h e  same p o t e n t i a l ,  w i t h  t h e  excep t ion  of Mg and Be.  
The on ly  point  t o  be dec ided  was whether  a s o l i d  o r  a l i q u i d  anode would be 
most s u i t a b l e .  This  d e c i s i o n  w a s  dependent upon d e t a i l s  of f i n a l  c e l l  des ign .  
S e l e c t i o n  of a l i q u i d  anode was t e n t a t i v e l y  made based upon ease of main ta in-  
ing  con tac t  w i t h  t h e  c u r r e n t  c o l l e c t o r  and a l s o  w i t h  t h e  s e p a r a t o r  w i thou t  
t h e  need f o r  a r e s e r v o i r  of e l e c t r o l y t e  i n  t h e  anode compartment. 

Research and development work on t h e  s e p a r a t o r  problem has  by f a r  occupied 
a major pa r t  of t h e  program. 
z e o l i t e  m a t e r i a l s ,  w i t h  a small amount of work on t h e  p o r c e l a i n s .  I n  some 
cases  po rce l a ins  formed from z e o l i t e s  were f a b r i c a t e d  by f u s i n g  t o  d e s t r o y  
the  z e o l i t e  s t r u c t u r e .  R e s u l t s  are p resen ted  i n  t h i s  and previous  r e p o r t s .  
I n  g e n e r a l  it has  been found t h a t  t h e  type  X z e o l i t e  has  lower r e s i s t a n c e  
than  types  A o r  Y,  and f u r t h e r  t h a t  r e s i s t a n c e  i s  lowest  f o r  t h e  sodium 
z e o l i t e  form. I n  s p i t e  of t h i s  e f f o r t ,  a s a t i s f a c t o r y  membrane has  not  y e t  
been demonstrated.  
having a l l  of t h e  d e s i r e d  p r o p e r t i e s ,  t h e  d i f f i c u l t i e s  which have been 
encountered may be summed up as f a l l i n g  i n t o  t h r e e  d i f f e r e n t  c a t e g o r i e s :  
(1) a t t a c k  on t h e  z e o l i t e  by t h e  anode mater ia l ,  (2) s e a l i n g  problems, and 
( 3 )  d i s r u p t i o n  of t h e  membrane s t r u c t u r e  by exchange w i t h  f o r e i g n  i o n s  from 
t h e  e l e c t r o d e  m a t e r i a l s  o r  t h e  e l e c t r o l y t e .  Because of t h e s e  d i f f i c u l t i e s ,  
i t  has  not been p o s s i b l e  t o  demonstrate  unequ ivoca l ly  t h a t  t h e  m a t e r i a l s  

It has  been d i r e c t e d  p r i m a r i l y  t o  t h e  v a r i o u s  

Aside from t h e  g e n e r a l  problem of d e v i s i n g  a material  
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s t u d i e d  have t h e  d e s i r e d  s e l e c t i v e  pe rmeab i l i t y  o r  e l e c t r i c a l  c o n d u c t i v i t y ,  

Some d a t a  on t h e  a t t a c k  of s e p a r a t o r  m a t e r i a l s  by molten a l k a l i  metals has 
been p resen ted  i n  prev ious  r e p o r t s ,  and a d d i t i o n a l  work i s  p resen ted  i n  t h e  
fo l lowing  s e c t i o n s  of t h i s  r e p o r t .  It has been concluded t h a t  t h e  problem 
cannot be so lved  w i t h i n  t h e  scope of t h e  p r e s e n t  program. Consequently t h e  
concept of a l i q u i d  anode has been abandoned and r ep laced  by t h e  a l t e r n a t i v e  
of a s o l i d  anode, i . e .  Ca, Mg o r  Mg*Li a l l o y .  I n  t h i s  ca se  p h y s i c a l  c o n t a c t  
between t h e  anode and t h e  s e p a r a t o r  w i l l  be avoided,  e l e c t r i c a l  c o n t a c t  be ing  
main ta ined  by means of a f i l m  of e l e c t r o l y t e .  

The s e a l i n g  problem has provided a major impediment t o  t h e  program, and i s  
p a r t i c u l a r l y  annoying because i t  i s  one which m a n i f e s t s  i t s e l f  much more 
impor t an t ly  i n  t h e  membrane development than  it  i s  expected so  t o  do i n  t h e  
a c t u a l  c o n s t r u c t i o n  of a p r a c t i c a l  c e l l .  The s c r e e n i n g  of s e p a r a t o r  compo- 
s i t i o n s  r e q u i r e s  t h a t  each  membrane specimen be s e a l e d  t o  the  a p p r o p r i a t e  
p a r t  of t h e  test c e l l  s t r u c t u r e .  I f  a r i g i d  seal  be used, t h e  wide the rma l  
range  t o  which t h e  ce l l  is exposed r e q u i r e s  a c l o s e  match (probably w i t h i n  
1%) i n  c o e f f i c i e n t  of expansion between t h e  membrane, suppor t ,  and s e a l a n t ,  
i f  c r ack ing  of t h e  membrane is n o t  t o  occur .  S ince  d i f f e r e n t  membrane 
materials have d i f f e r e n t  c o e f f i c i e n t s  of expansion, meeting t h i s  requi rement  
f o r  each  material i s  v e r y  l abor ious .  Use of a f l e x i b l e  s e a l i n g  material would 
m a t e r i a l l y  a l l e v i a t e  t h e  problem. 
f l e x i b l e  s e a l a n t  a v a i l a b l e ,  namely an RTV s i l i c o n e  rubbe r ,  which can w i t h s t a n d  
t h e  c e l l  o p e r a t i n g  temperature .  However, t h e  ev idence  ob ta ined  t o  d a t e  s t r o n g l y  
i n d i c a t e s  t h a t  due t o  t h e  ub iqu i tous  a n t i w e t t i n g  c h a r a c t e r  of s i l i c o n e s ,  con- 
d u c t i v i t i e s  ob ta ined  from measurements on membranes s e a l e d  i n  p l ace  w i t h  such 
m a t e r i a l  a r e  s u b j e c t  t o  s e r i o u s  ques t ion .  

Extens ive  u s e  has  been made of t h e  on ly  

F i n a l l y ,  i n  t hose  c a s e s  where s a t i s f a c t o r y  seals have been ob ta ined ,  t h e r e  
i s  s t r o n g  ev idence  t h a t  c r ack ing  of t h e  membrane occurs  due t o  changes i n  
m a t e r i a l  volume consequent upon t h e  exchange of i ons  w i t h  t h e  sur roundings .  
Most of t h e  work c a r r i e d  out t o  d a t e  has been w i t h  sodium z e o l i t e s ,  and 
ceramics i n  the  sodium form. I n  t h e  c e l l ,  t h e  membrane i s  i n  c o n t a c t  w i t h  
t h e  K C l e L i C l  e u t e c t i c  and w i t h  CuC1. Exchange of t h e  Na w i t h  e i t h e r  K,  L i  
o r  Cu, or  any combination thereof  can occur.  Such exchange would lead t o  
t h e  observed e f f e c t .  

This r e p o r t  p r e s e n t s  t h e  e f f o r t  c a r r i e d  out d u r i n g  t h e  l a s t  q u a r t e r  i n  
a t t e m p t i n g  t o  s o l v e  t h e s e  problems. It inc ludes  work on t h e  f a b r i c a t i o n  of 
s e p a r a t o r  membranes from a number of d i f f e r e n t  materials,  bo th  z e o l i t e  and 
n o n z e o l i t e ,  and t h e i r  t e s t  i n  d i f f e r e n t  r e s e a r c h  c e l l s .  C e r t a i n  o t h e r  tests 
such as t h e i r  s t a b i l i t y  under extended c o n t a c t  w i t h  e l e c t r o l y t e  and t h e i r  
r e s i s t a n c e  as a f u n c t i o n  of such con tac t  are a l s o  r e p o r t e d .  Toward t h e  end 
of t h e  r e p o r t  pe r iod  conferences  wi th  NASA program monitors led  t o  t h e  
d e c i s i o n  t o  c o n c e n t r a t e  on z e o l i t e  m a t e r i a l s ,  and t h i s  d e c i s i o n  was implemented. 
M O S ~  r e c e n t  work has been coilcernsd exc?usiv;;eQ w i t h  t h e  sp..thesis nf l i t h i u m  
z e o l i t e s  and t h e i r  f a b r i c a t i o n  i n t o  membranes. P re l imina ry  r e s u l t s  have 

_. 
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i n d i c a t e d  some promise i n  terms of c o n d u c t i v i t y  and ion  s e l e c t i v i t y .  Haw- 
ever d i f f i c u l t i e s  a s s o c i a t e d  w i t h  c rack ing  of t h e  membranes have no t  y e t  
been e l imina ted .  

Also  presented  i n  t h i s  r e p o r t  i s  d a t a  on two c e l l  tests c a r r i e d  out  u s ing  
i n s o l u b l e  e l e c t r o d e s  and f r i t t e d  g l a s s  porous s e p a r a t o r s .  The e l e c t r o d e s  
were MgeLi a l l o y  and CuO. Durat ions  of over  72 hours  were ob ta ined  w i t h  
l i t t l e  d i f f i c u l t y .  No measurement was made of e l e c t r o d e  u t i l i z a t i o n ,  bu t  
q u a l i t a t i v e  obse rva t ions  i n d i c a t e d  a v e r y  low ra te  of s e l f  d i scha rge .  These 
r e s u l t s  suggest  t h a t  t h e  q u i c k e s t  p a t h  t o  a 72 hour  thermal  c e l l  would be 
through use of i n s o l u b l e  e l e c t r o d e s  and porous s e p a r a t o r s .  The approach 
p r e s e n t l y  i n  e f f e c t  i s  of longer  range  b u t  i f  s u c c e s s f u l  should  provide  
f o r  t h e  maximum a t t a i n a b l e  energy  d e n s i t y .  
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SECTION 2 

EXPERIMENTAL 

2 . 1  EQUIPMENT 

During t h i s  r e p o r t i n g  per iod  new c i r c u i t s  and e l e c t r o l y t i c  c e l l s  were con- 
s t r u c t e d  t o  permit s t u d i e s  of var ious  s o l i d  membranes i n  exper imenta l  c e l l s .  

2 . 1 . 1  DISCHARGE C I R C U I T  

T e s t  c e l l s  were d ischarged  w i t h  a s ine  wave t r a n s i s t o r i z e d  commutator (1). 
This  ins t rument  i s  a mod i f i ca t ion  of tk well-known Kordesch-Marko b r idge  
(2) .  
Labora to r i e s  i s  given i n  F igu re  1. This p a r t i c u l a r  c i r c u i t  permi ts  d i r e c t  
measurements of e i t h e r  t h e  I R  drop i n  t h e  c e l l  o r  t h e  c e l l  v o l t a g e  c o r r e c t e d  
f o r  I R  drop depending on t h e  p o s i t i o n  of swi t ch  S 
t h i s  swi t ch  was a s i n g l e  pole  double throw r e l a y  a c t i v a t e d  p e r i o d i c a l l y  by 
a commercial t i m e r .  ( I n d u s t r i a l  Timer Corp.,  Timer Assembly CM-8, Gear 
Assembly A- 1 2 ) .  

A c i r c u i t  diagram of t h e  instrument  as cons t ruc t ed  f o r  use i n  our 

I n  a c t u a l  ope ra t ion  4' 

A b l o c k  diagram of t h e  exper imenta l  arrangement used t o  a u t o m a t i c a l l y  r eco rd  
c e l l  performance i s  given i n  F igure  2.  
i n t e r v a l s  a c t u a t e d  t h e  r e l a y  R1. The c o n t a c t s  of t h i s  r e l a y  a r e  a c t u a l l y  
s w i t c h  S This  swi tches  t h e  output of t h e  commutator between t h e  two 
measured q u a n t i t i e s ;  t h e  i R  f r e e  c e l l  v o l t a g e  and t h e  i R  drop.  These two 
q u a n t i t i e s  a r e  measured on a po ten t iome t r i c  r e c o r d e r  (Sargent ,  Model MR) 
which has a range of up t o  2.5 v o l t s .  The c e l l  c u r r e n t  f lows through t h e  
swi t ch  S which i n  t u r n  i s  c o n t r o l l e d  by t h e  l a t c h i n g  r e l a y  R . I n  series 
w i t h  t h e  c o i l  of t h i s  l a t c h i n g  r e l a y  are  t h r e e  swi t ches ;  S w i i c h  i s  one 
set  of r e l ay  cnntac ts  and S- and S - w h i c h  a r e  c o n t r o l l e d  by t h e  p o s i t i o n  of 
t h e  r e c o r d e r  pen. 

I n  o p e r a t i o n  t h e  t i m e r  a t  f i x e d  

4' 

7 
5 

tl These l d t e r  two swi tches  a r e  a d j u s t e d  s o  t h a t  S i s  open 7 
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FIGURE 2 .  EXPERIMENTAL ARRANGEMENT FOR RECORDING CELL PERFORMANCE 
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when t h e  pen i s  above a c e r t a i n  po in t  on t h e  s c a l e  and Sa i s  open when t h e  
pen is  below a c e r t a i n  p o i n t  on t h e  scale.  
bo th  switches are  c losed .  Switch S i s  of t h e  momentary c l o s e ,  push bu t ton  
type .  It w i l l  e f f e c t i v e l y  by-pass a l l  t h e  o the r  swi t ches  i n  t h e  c i r c u i t  of 
t h e  r e l a y  c o i l .  

A t  t h e  i n t e r m e d i a t e  p o s i t i o n s  

9 

I n  ope ra t ion ,  S i s  c losed  f o r  a s h o r t  pe r iod  of t i m e .  This  c l o s e s  t h e  
c i r c u i t  f o r  t h e  c e l l  c u r r e n t  through S a s  w e l l  as t h e  c o n t a c t s  of t h e  
l a t c h i n g  swi t ch  S 
p l ace  between t h e  two p r e v i o u s l y  s e t  extremes and c l o s e s  bo th  S 
This  provides  a n  a l t e r n a t e  p a t h  f o r  power t o  t h e  c o i l  of R 
p a t h  keeps R2 a c t u a t e d  even when S i s  r e l e a s e d .  R w i l l  remain a c t u a t e d  
u n t i l  e i t h e r  S o r  S are opened by t h e  r e c o r d e r  pen. This  type  of opera-  
t i o n  w a s  adopted t o  permit  au tomat ic  r eco rd ing  of d a t a  over  long t i m e  pe r iods  
wi thou t  p o s s i b l e  damage t o  t h e  equipment i f  t h e  c e l l  v o l t a g e  should  d rop  t o  
z e r o  

9 

I n  t h e  meantime tge pen of t h e  r e c o r d e r  s h i f t s  t o  some 6'  and S7.  
T k i s  a l t e r n a t e  2 '  

9 2 
6 7 

(Sa  opens) o r  t h e  I R  d rop  r eaches  a h igh  v a l u e  ( S  opens) .  7 

2 .1 .2  ELECTROLYTIC CELLS 

A schematic  diagram of a t y p i c a l  c e l l  used f o r  t h e  m a j o r i t y  of t h e  d i s c h a r g e  
and r e s i s t i v i t y  tests i s  shown i n  F i g u r e  3.  The o u t e r  c o n t a i n e r  was 
30x240 mm Pyrex or  Vycor t e s t  tube .  The anode compartment w a s  a Pyrex o r  
alumina tube about  95 mm i n  l eng th  and 10 mm i n s i d e  d iameter  suppor t ing  
v a r i o u s  types of membranes a s  shown i n  F igu re  4 .  
a tungs ten  lead o r  a s t r i p  o r  s l u g  of a Li-Mg a l l o y  a long  w i t h  an Ag-AgC1 
r e f e r e n c e  e l e c t r o d e  of t h e  type  d e s c r i b e d  i n  d e t a i l  i n  t h e  Sec t ion  2 of 
t h e  F i r s t  Q u a r t e r l y  Report  (3 )  was used i n  t h e  anode compartment. 

E i t h e r  molten sodium w i t h  

The main body of t h e  c e l l  conta ined  t h e  cathode material, e i t h e r  a molten 
mixture  of CuCl and K C 1  o r  s o l i d  CuO (not  r e p r e s e n t e d  on F i g u r e  3 )  i n  molten 
L i C 1 - K C 1  e u t e c t i c  mix tu re ,  a long  w i t h  a n  Ag-AgC1 r e f e r e n c e  e l e c t r o d e  and a 
chrome 1- a lume 1 the  rmoc oup le. 

Tungsten rods  were g e n e r a l l y  used as c u r r e n t  c o l l e c t o r s  i n  t h e  anode and 
t h e  cathode compartments of t h e  ce l l s .  

Current  d ra ins  used throughout  .$hese tes ts  were i n  g e n e r a l  based on a 
c u r r e n t  d e n s i t y  of 6.7 mamps/cm 
l y t e s .  
2 . 1 . 1 .  Both t h e  IR drop and t h e  I R  f r e e  v o l t a g e  of t h e  c e l l  du r ing  d i scha rge  
were recorded.  

of t h e  membrane area exposed t o  t h e  e l e c t r o -  
The c e l l s  were d i scha rged  u s i n g  t h e  commutator d e s c r i b e d  i n  Sec t ion  

The f i r s t  measurements of t h e  r e s i s t i v i t y  of a type  A sodium z e o l i t e  formed 
by vacuum, hot p r e s s i n g  and con ta in ing  no  b i n d e r ,  were measured i n  t h e  
exper imenta l  c e l l  shown i n  F i g u r e  5a.  
e u t e c t i c  were used i n  b o t h  compartments of t h e  c e l l .  The l i q u i d  metal 
ensured  a uniform m e t a l l i c  c o n t a c t  on bo th  s i d e s  of t h e  z e o l i t e  membrane. 
The membrane was al lowed t o  soak i n  t h e  e u t e c t i c  m e l t  f o r  about  one hour 

Molten b ismuth  metal  and t h e  L i C 1 - K C 1  
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and t h e n  was lowered i n t o  t h e  bismuth pool .  Tungsten e l e c t r o d e s  were p laced  
i n  con tac t  w i t h  t h e  molten bismuth i n  b o t h  compartments. The r e s i s t a n c e  of 
t h e  c e l l  was measured w i t h  an AC Conduc t iv i ty  Bridge (1000 cps ) .  

I n  l a t e r  t es t s  where only t h e  r e s i s t i v i t y  of t h e  membranes was d e s i r e d  o r  
where t h e  p rogres s  of s a l t  p e n e t r a t i o n  w a s  t o  b e  fol lowed from r e s i s t a n c e  
measurement t h e  c e l l  shown i n  F i g u r e  5b w a s  used. This c e l l  c o n s i s t e d  of 
a Vycor t e s t  tube con ta in ing  Pyrex o r  a lumina tubes  suppor t ing  p e l l e t s  of 
t h e  membrane m a t e r i a l s  under t es t .  The membrane p e l l e t s  were u s u a l l y  0 .5  
inches  i n  diameter and ranged from 0.015 t o  0.040 inches  t h i c k .  Some bond- 
ing  procedures caused  sh r inkage  i n  t h e  p e l l e t s ,  and i n  t h e s e  cases t h e  p e l l e t  
d iameter  was less than  0.5 inches .  The tubes  were f i l l e d  w i t h  t h e  e u t e c t i c  
m e l t  and immersed i n  more of t h e  m e l t  a t  415OC. By means of t ungs t en  e lec-  
t r o d e s  immersed i n  t h e  e l e c t r o l y t e s ,  i n s i d e  and o u t s i d e  t h e  t u b e s ,  t h e  
r e s i s t a n c e s  a c r o s s  t h e  p e l l e t s  were measured w i t h  a n  AC Conduct iv i ty  Bridge 
(1000 cps ) .  The impregnat ion w a s  performed under vacuum. Res i s t ance  
measurements were made a t  a tmospheric  p r e s s u r e .  

2 . 2  ANODES 

During t h e  Thi rd  Quar te r  sodium metal  w a s  f i r s t  s e l e c t e d  as t h e  anode 
m a t e r i a l  for  t e s t i n g  i n  expe r imen ta l  c e l l s .  Because of t h e  c o r r o s i v e  n a t u r e  
of molten sodium on membranes demonstrated i n  t h e  exper imenta l  r e s u l t s  g iven  
i n  Sec t ion  3 . 1  and i n  t h e  r e s u l t s  of c o m p a t i b i l i t y  t es t s  g iven  i n  S e c t i o n  
3 .5 ,  i t  was dropped from f u r t h e r  c o n s i d e r a t i o n .  

To e l imina te  degrada t ion  of c e l l  membranes by d i r e c t  c o n t a c t  w i t h  molten 
a l k a l i  o r  a l k a l i n e  e a r t h  m e t a l s ,  a s o l i d  Mg-Li-A1 a l l o y  (Brooks & Perk ins  
LA 141) immersed i n  L i C 1 - K C 1  e u t e c t i c  mixture  w a s  employed i n  t h e  anode 
compartments of expe r imen ta l  c e l l s  as shown i n  F i g u r e  4 .  The a l l o y  c o n t a i n s  
13-15% by weight l i t h i u m  and 1.0-1.5% aluminum; i t  melts a t  about  58OoC and 
has a s p e c i f i c  g r a v i t y  of 1.35 ( 4 ) .  
p e l l e t s  f a b r i c a t e d  w i t h  ch ips  m i l l e d  from s h e e t  s t o c k .  The m i l l i n g  w a s  
performed under kerosene and t h e  c h i p s  were washed and d r i e d  w i t h  methyl  
e t h y l  ketone. P e l l e t s  0.5 inch  long were pressed  i n  a 0.5 inch  d iameter  d i e  
u t i l i z i n g  an upper punch w i t h  a .020 i nch  ho le  through t h e  c e n t e r  of i t s  
l o n g i t u d i n a l  a x i s .  This h o l e  pe rmi t t ed  i n t e g r a l  p r e s s i n g  of a 10 m i l  i r o n  

w i r e  lead spot-welded t o  a 180 mesh s t a i n l e s s  s t e e l  c o l l e c t o r  s c reen .  The 
c o l l e c t o r  s c reen  and w i r e  l ead  assembly were i n s e r t e d  i n t o  t h e  d i e  c a v i t y  
du r ing  f i l l i n g .  Minimum p e l l e t  d e n s i t y  (74% of bu lk  d e n s i t y )  w i t h  s u f f i c -  
i e n t  s t r e n g t h  was obta ined  a t  p r e s s i n g  p r e s s u r e s  of 8000 p s i .  

It was used i n  t h e  form of s t r i p s  o r  

The  r e l a t i v e l y  h igh  i n i t i a l  anodic  p o t e n t i a l  observed i n  most t es t s  us ing  
t h e  Mg-Li-A1 a l l o y  appears  t o  be t h a t  of t h e  l i t h i u m  component i n  t h e  a l l o y .  
The dep le t ion  of l i t h i u m  was i n d i c a t e d  by a s h i f t  of t h e  p o t e n t i a l  t o  t h a t  
of t h e  remaining magnesium. The t i m e  r e q u i r e d  f o r  t h i s  s h i f t  t o  occur  was 
a f u n c t i o n  of t h e  s i z e ,  t h e  shape ,  and t h e  p o r o s i t y  of t h e  anode ,  o t h e r  
f a c t o r s ,  such as tempera ture  and c u r r e n t  d e n s i t y ,  be ing  kep t  c o n s t a n t .  
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2 . 3  CATHODE STUDIES 

The s e l e c t i o n  of cuprous c h l o r i d e  as cathode d e p o l a r i z e r  i n  most c e l l s  
t e s t e d  du r ing  t h i s  r e p o r t  pe r iod  was based on t h e  fo l lowing  p o i n t s :  

a. There i s  e s s e n t i a l l y  no p o l a r i z a t i o n  i n  t h e  ca thod ic  d e p o s i t i o n  
of s o l i d  cogper from pure molten cuprous c h l o r i d e  a t  c u r r e n t  d e n s i t i e s  up 
t o  0.5 A/cm (5). 

b. Oxidation products  of anode materials such as l i t h i u m ,  sodium, and 
potassium can be added cou lomet r i ca l ly  ( i o n i c  t r a n s f e r  a c r o s s  t h e  s e p a r a t o r )  
t o  CuCl i n  r e l a t i v e l y  l a r g e  q u a n t i t i e s  b e f o r e  f r e e z i n g  of t h e  c a t h o l y t e  
occurs .  Thus, CuCl remains molten a t  425OC w i t h  up t o  approximately 38 mole 
pe r  cen t  of L i C 1 ,  35 mole per cen t  of N a C l  and 55 mole p e r  cen t  of K C 1  (6) .  

c. The omission of an e l e c t r o l y t e  i n  t h e  cathode compartment i n c r e a s e s  
t h e  energy d e n s i t y  of tes t  c e l l s .  

d.  P r a c t i c a l  materials such as n i c k e l  o r  Amco i r o n  can  be used  t o  
c o n t a i n  molten CuCl and act  as a c u r r e n t  c o l l e c t o r  w i thou t  be ing  d e t e r i o r a t e d  
by t h e  s a l t .  

e.  A s o l i d  r e d u c t i o n  p roduc t ,  m e t a l l i c  copper,  forms i n  t h e  ca thode  
compartment of t h e  c e l l s .  This was the  u l t i m a t e  r eason  f o r  t h e  d i s q u a l i f i -  
c a t i o n  of B i C l  as a cathode d e p o l a r i z e r .  The f i n a l  r e d u c t i o n  product of 
t h i s  s a l t  is bismuth metal which i s  molten a t  t h e  o p e r a t i n g  tempera ture  of 
the  c e l l .  Depending on t h e  o r i e n t a t i o n  of t h e  c e l l s  i n  space,  t h e  molten 
i n e r t  m e t a l  can p a r t i a l l y  or  completely o b s t r u c t  t h e  i o n i c  pa th  between 
anode and cathode compartments. 

3 

The m e l t i n g  p o i n t  of CuClwas depressed f o r  lower tempera ture  o p e r a t i o n  by 
d i l u t i o n  w i t h  10 mole per  c e n t  of KC1. This b i n a r y  mixture  m e l t s  a t  about 
36OoC. 
compound (General E l e c t r i c  RTV 560) used t o  seal  t h e  membranes t o  t h e  c e l l  
compartments. With t h e  development of a s e a l a n t  f o r  o p e r a t i o n  a t  h ighe r  
t empera tu res ,  t h e  K C 1  can be e l imina ted  w i t h  a cor responding  i n c r e a s e  i n  
t h e  c e l l  energy d e n s i t y ,  

This tempera ture  l i m i t a t i o n  was imposed by t h e  s i l i c o n e  rubber  

The performance of c e l l s  u s ing  cupr i c  oxide  i n  K C 1 - L i C 1  e u t e c t i c  mixture  
w a s  b r i e f l y  i n v e s t i g a t e d .  It  was a n t i c i p a t e d  t h a t  u s ing  an i n s o l u b l e  
ca thode  d e p o l a r i z e r  w i l l  d e c r e a s e ,  t o  some e x t e n t ,  t h e  energy and power 
d e n s i t i e s  of a thermal  c e l l ,  Cupric oxide was a t t r a c t i v e  as a d e p o l a r i z e r  
because  it  i s  only s l i g h t l y  s o l u b l e  i n  molten L i C 1 - K C 1  e l e c t r o l y t e  t h u s  
p e r m i t t i n g  s a t i s f a c t o r y  c e l l  operat ion f o r  extended pe r iod  of t i m e  w i t h  
porous s e p a r a t o r  having a r e l a t i v e l y  low r e s i s t i v i t y .  

IL 

11; w a s  found experimeri ta i ly  that the ~ o ? t a g e  of c e l l s  us ing  CUO w i t h  8 

L i C 1 - K C 1  e u t e c t i c  mixture  a t  425OC was about 0.5 v o l t  lower than t h e  

-13- 



corresponding c e l l  u s ing  CuC1-KC1 (10 mole %) as ca thode  material .  
f u r t h e r  s tudy  i s  planned w i t h  c e l l  having a CuO cathode.  

No 

2.4 MEMBRANES 

Ea r ly  i n  t h i s  r e p o r t i n g  p e r i o d ,  as n o t e d ,  emphasis was c e n t e r e d  on the  use 
of NaX z e o l i t e  i n  p l a c e  of NaA z e o l i t e .  The h igh  c o n d u c t i v i t y  and lower 
me l t ing  poin t  of t h e  Type X z e o l i t e s  were cons idered  advantageoils from t h e  
s t andpo in t  of c e l l  performance and s i n t e r a b i l i t y .  
s i n t e r e d  wi th  t h e  r e t a i n e d  z e o l i t e  s t r u c t u r e  and a l s o  as a completely fused  
ceramic m a t e r i a l .  The fused  material w a s  amorphous and v e r y  t r a n s l u c e n t  
w i t h  no  c r y s t a l  phase d e t e c t e d  by x-ray d i f f r a c t i o n .  The t h e o r e t i c a l  g l a s s  
composition was cons idered  t o  be t h a t  r e p o r t e d  f o r  t h e  c r y s t a l l i n e  z e o l i t e ,  
namely Na 0*A1203'2.8 S i 0 2 .  
same a s  t&ose  r e p o r t e d  i n  t h e  2nd Q u a r t e r l y  Techn ica l  Report  ( 8 ) .  
p r i n c i p a l  c r i t e r i a  f o r  a n  a c c e p t a b l e  membrane were 
s t r u c t u r e  a s  shown by x- ray  d i f f r a c t i o n ,  and (2) a s t r u c t u r a l l y  s t r o n g ,  
s c r a t c h  r e s i s t a n t  m a t e r i a l  s u i t a b l e  f o r  a 10-15 m i l  t h i c k  membrane. 

The NaX material  was 

F a b r i c a t i o n  and s i n t e r i n g  procedures  were t h e  

(1) a r e t a i n e d  z e o l i t e  
The 

With the i n t r o d u c t i o n  of t h e  Mg-Li-A1 a l l o y  anode and L i C 1 - K C 1  a n o l y t e  i n  
the  s i n g l e  c e l l s ,  t h e  development of l i t h i u m  exchanged z e o l i t e s  was i n i t i -  
a t e d .  The d e s i r e  t o  use  L iX f o r  t h e  format ion  of membranes was prompted 
by t h e  observa t ions  t h a t  N a X  membranes a f t e r  immersion i n  molten LiC1-KC1 
e u t e c t i c  u sua l ly  cracked.  X-ray d i f f r a c t i o n  p a t t e r n s  of Type X z e o l i t e s  
( see  Table 11, Second Q u a r t e r l y  Report)  showed a dec rease  i n  t h e  d spac ings  

when sodium i o n s  a r e  r ep laced  by l i t h i u m  ions .  On a volume b a s i s  t h i s  
shr inkage  amounts t o  1.5%. (See Appendix f o r  c a l c u l a t i o n  of volume change.)  
This  volume change i n  a r i g i d l y  bonded membrane could p o s s i b l y  cause  
c racking .  

S i m i l a r  procedures were used f o r  bonding and s tudy ing  of t h e  l i t h i u m  
z e o l i t e s  as had been p r e v i o u s l y  used w i t h  t h e  sodium z e o l i t e s .  

The fo l lowing  membrane bonding techniques  were i n v e s t i g a t e d  du r ing  t h i s  
q u a r t e r :  ho t  p r e s s i n g  w i t h  no b inde r  and bonding w i t h  sodium s i l i c a t e ,  
phosphoric a c i d ,  and a Pyroceram s e a l i n g  g l a s s  #45. 

During the  course  of t h e  c e l l  r e s e a r c h  i n c o r p o r a t i n g  sodium anodes t h e  
c o m p a t i b i l i t y  of t h e  z e o l i t e s  i n  molten sodium was found t o  be  poor.  I n  
g e n e r a l ,  s i l i c a t e s  are  n o t  h i g h l y  r e s i s t a n t  t o  sodium. However, i n  t h e  
case  of a l i m i t e d  t i m e  and tempera ture  r equ i r emen t ,  (a t h r e e  day b a t t e r y )  
i t  seemed f e a s i b l e  t h a t  some degrada t ion  could  be  accommodated. I n  con- 
j u n c t i o n  wi th  t h i s ,  a n  i n v e s t i g a t i o n  of sodium-aluminate composi t ion was 
undertaken which conta ined  no s i l i c a .  
ment of a g i n t e r i n g  a i d  (P 0 ) f o r  sodium a lumina te ;  a r e f r a c t o r y  
(m.p. 1700 C ) ,  hygroscopic  compound. Compositions f o r  s i n t e r i n g  e v a l u a t i o n  
were s e l e c t e d  on t h e  b a s i s  of a K 0, A 1  0 P 0 phase diagram d e s c r i b i n g  
s t a b l e  c r y s t a l l i n e  and nonc rys t a l$ ine  areas ($05. These composi t ions and 
some of t h e i r  p r o p e r t i e s  are desc r ibed  i n  S e c t i o n  3.4.  

The concept  was based  on t h e  develop-  

2 5  

2 3 '  
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SECTION 3 

RESULTS 

3 . 1  CELL TESTS 

During t h e  Thi rd  Quar t e r  c e l l s  of the  fo l lowing  types  were t e s t e d :  

A l l  ce l l s  us ing  CuCl as t h e  cathode were d i scha rged  a t  tempera tures  below 
415 C t o  avoid  deg rada t ion  of t h e  s i l i c o n e  rubber  sometimes used t o  sea l  
t h e  membrane t o  i t s  suppor t  t ube .  Cells w i t h  CuO ca thodes  d i d  n o t  use t h e  
s i l i c o n e  rubber  s e a l a n t  and t h e r e f o r e  were d i scha rged  i n  t h e  range  of 420- 
430 C .  

3 . 1 . 1  CELL TYPE: Na//separator//CuCl,KCl/W 

Two t y p e s  of s e p a r a t o r s  were used i n  ce l l s  of t h i s  t ype .  I n  one case a 
type  X z e o l i t e  i n  t h e  sodium ion  form, des igna ted  N a X ,  w a s  used as t h e  

are d e s c r i b e d  i n  Sec t ion  3.4. The o t h e r  type  of s e p a r a t o r  w a s  prepared 

0 

s t a r t i n g  ri,atsj--gl. Thn I,,s . rn r ,  6LL I,,s m-7 t e c h n i q - w s  nsec! to p r e p r e  these membranes 
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from a porce l a in  composi t ion (7) f i r s t  r e p o r t e d  by i n v e s t i g a t o r s  a t  t h e  
Na t iona l  Bureau of S tandards .  

Performances of c e l l s  of t h i s  t ype  i n  terms of I R  f r e e  c e l l  v o l t a g e  and 
e l e c t r o d e  p o t e n t i a l s  could be averaged t o  t h e  v a l u e s  g iven  i n  Table  I. 

TABLE I 

AVERAGE PERFORMANCE FOR CELLS OF THE 
TYPE N a  / s e p a r a t o r  //CuCl, K C 1  / W 

I R  f r e e  c e l l  v o l t a g e  
3.38 v o l t s  ( a )  a t  s t a r t  of t e s t  

(b) a f t e r  d e p l e t i o n  of Cu 2.53 v o l t s  
( c )  a t  end of t es t  2.36 v o l t s  

Anode p o t e n t i a l  v s  Ag-lq! AgCl r e f e r e n c e  e l e c t r o d e  - 2.36 v o l t s  
Cathode p o t e n t i a l  v s  Ag-lq! AgCl r e f e r e n c e  e l e c t r o d e  

+ 1.02 v o l t s  
+ 0.17 v o l t s  

++ 

++ ( a )  a t  s t a r t  of t es t  
(b) a f t e r  d e p l e t i o n  of Cu 

Since t h e  r e s i s t a n c e  of t h e  s e p a r a t o r  was f a r  g r e a t e r  t han  t h e  combined 
r e s i s t a n c e s  of a l l  o t h e r  p a r t s  of the  c e l l ,  t h e  r e s i s t i v i t y  of t h e  membrane 
was computed d i r e c t l y  from the  t o t a l  r e s i s t a n c e  of t h e  ce l l .  

The t e s t  cond i t ions  and t h e  performance of i n d i v i d u a l  c e l l s  of t h i s  type  a r e  
summarized i n  Table 111. The c e l l  v o l t a g e  and r e s i s t i v i t y  of C e l l  N o .  54 
are a l s o  shown i n  F igu re  6 .  The e f f e c t  of tempera ture  on t h e  r e s i s t i v i t y  
of t he  membrane of t h i s  c e l l  i s  g iven  i n  Table  11. 

TABLE I1 

RESISTIVITY OF Z-  16 (70OoC/30 min. ) MEMBRANE 
0 Temperature ( C) 

4 10 
422 
430 
440 

Re s i s t iv  it  y ( ohm- cm)  
3010 
2 170 
192 1 
1643 

3.1.2 CELL TYPE: Mg-Li-Al/LiCl, KCl//reparator/CuCl,KCl/ W 
a 1 loy 

The membranes t e s t e d  i n  t h i s  type  of c e l l  were f a b r i c a t e d  from samples of N a X  
z e o l i t e  2-16 s i n t e r e d  a t  7OO0C f o r  30 minutes  and from alumina (AL 300).  
of t h e  z e o l i t e  membranes were bonded t o  porous z i r c o n i a  t o  i n c r e a s e  t h e i r  
s t r e n g t h .  The membranes were s e a l e d  t o  Pyrex o r  alumina tubes  us ing  a s i l i -  
cone rubber  compound (General  E l e c t r i c  RTV 560) ,  a pyroceram s e a l  (Pyroceram 
45)  o r  a g l a s s  s e a l  (80/20) .  A number of t h e s e  membranes were impregnated 
w i t h  t h e  fused s a l t s  i n  t h e  ce l l s  by app ly ing  vacuum f o r  v a r i o u s  pe r iods  of 
t i m e  before  ope ra t ing  t h e  ce 11s. 

Table I V  g ives  t h e  r e s u l t s  of a ser ies  of t e s t s  u s i n g  c e l l s  w i t h  CuCl 
cathodes wi th  2-16 membranes s e a l e d  t o  a Pyrex tube  w i t h  the  s i l i c o n e  

Some 
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TABLE I11 

P RF'ORMANCE F CELLS 
Na /e par a t  or JCuC 1 , KC 1/ W 

57 55 56 58 59 60 61 C e l l  No* 54 - - - - - - - 
Membrane 

2-16 2-16 2-16 2-17 2-17 2-19 NBS NBS Type 0 S in te r ing  temperature C 700 700 780 940 960 1280 1150 1150 

I R  f r e e  vol tage ,  v o l t s  
3.43 3.22 3.35 3.36 3.45 3.43 3.56 3.50 a. A t  s tar t  of tes t  

b. After  deple t ion  of Ca 2.62 -- 2.53 2.79 2.34 2 .66  -- 2.67 
* 

c. A t  end of t es t  2.58 1.45 2.22 2.44 1.30 2.60 2.63 2.30 

Anode p o t e n t i a l  v s  Ag-1; AgCl 
reference e lec t rode ,  v o l t s  -- -- -2.33 -2.44 -- -- -- -- 

Cathode p o t e n t i a l  vs. Ag-1; AgCl 
reference e lec t rode ,  v o l t s  
a .  S t a r t  of tes t  -- -- +1.02 +0.92 -- -- -- -- 

R e s i s t i v i t y  , ohm-cm 
a .  Star t  of t es t  6,240 13,900 4 , 150 '16,700 '16 ,700 3,800 12,900 14,000 
b .  End of t e s t  3,010 2,030 797 3,880 2,490 3,000 6,755 5,200 

Duration of t e s t ,  hours 6 22 6 12 21% 13 

Nature of f a i l u r e  
Membrane cracked X X X X X 
Seal  f a i l u r e  X 
Meta l l ic  Copper s h o r t s  X 
Membrane d i s in i t eg ra t ed  X 

Support 
Sealant 

Pyrex Pyrex Pyrex Pyrex Pyrex 
RTV RTV RTV RTV RTV 

560 560 560 560 560 

W t .  of anode material(Na),gms 1.13 0.83 1.1 0.94 -- 0.9 
W t .  of cathode materia1,gms 3.0 3.0 3.0 3.0 3.0 3.0 

23 28 

X 
X 

Pyrex 

560 
- RTV 

1.02 0.80 
3.0 3.0 
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TABLE IV 
PERFORMANCE OF CELLS 

a l l o y  / K C 1  

C e l l  No. 

I R  f r e e  v o l t a g e ,  v o l t s  
a. A t  s t a r t  of test  
b. A f t e r  d e p l e t i o n  of Cu 
c. A t  end of tes t  

i-t 

Anode p o t e n t i a l  v s .  Ag-1s AgCl 
r e f e r e n c e  e l e c t r o d e ,  v o l t s  

Cathode p o t e n t i a l  v s .  A g - l g  AgCl 
r e f e r e n c e  e l e c t r o d e  v o l t s  
a. S t a r t  of t e s t  

R e s i s t i v i t y ,  ohm-cm 
a. S t a r t  of t es t  
b.  End of t e s t  

Dura t ion  of t e s t ,  hours  

Weight of L i C 1 - K C 1 ,  gms. 
We i gh t of CuC 1-KC 1 gms 
Weight of Mg-Li-Al, gm 

Nature  of f a i l u r e  
Cracked membrane 
Cracking of tube  

C e l l  sho r t ed  by m e t a l l i c  copper 
suppor t ing  membrane 

62 63 64 67 72 73* - - - - - -  
3.29 3.50 3.49 3.24 3.40 3.40 
2.50 -- 2.52 2.39 2.58 -- 
1.93 -- 0.94 1.02 1.47 2.51 

-2.56 -2.53 -- -2.39 -2.55 -- 

5030 6700 5140 4140 3960 3670 
314 6700 785 596 s h o r t  548 

72 1 47 69 8% 22% 

2 2 2 .5  -0 2 2 
5 3 .5  3.5 -- 3 3 

Not Determined 

X X 

X 
a t  

edge of membrane where s e a l  f a i l e d  

* C e l l  73 was l e f t  on open c i r c u i t  throughout i t s  ope ra t ion .  

X 

X 

X 
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rubber  compound. The I R  f r e e  c e l l  v o l t a g e s  and membrane r e s i s t i v i t i e s  f o r  
C e l l s  1 6 2  and 67 a r e  shown i n  F igu res  7 and 8 ,  r e s p e c t i v e l y .  Membrane 
cracking occurred r e p e a t e d l y  t o  v a r i o u s  e x t e n t s  in  t h e s e  tes ts .  I n  some 
c a s e s ,  it appeared t h a t  t h e  c e l l s  opera ted  under a c c e p t a b l e  cond i t ions  f o r  
long per iods of t ime w i t h  s l i g h t l y  cracked membranes. C e l l  f a i l u r e s  occurred 
u s u a l l y  as a resu l t  of a s h o r t  o r  a s e l f - d i s c h a r g e  r e a c t i o n  w i t h i n  t h e  c e l l s .  

Two c e l l s  u s ing  z e o l i t e  membranes bonded t o  porous z i r c o n i a  were d i s c o  t i nued  
s h o r t l y  a f t e r  s t a r t  because of t h e  exceedingly  h igh  r e s i s t i v i t y  ( 5x10 
ohm-cm) of t h e  membranes even though t h e s e  were impregnated be fo re  t h e i r  
opera t ion .  

P 

Three c e l l s  us ing  Z-16 z e o l i t e  membranes s e a l e d  w i t h  Pyroceram 45 on an 
alumina tube (AV30) f a i l e d  w i t h i n  t h r e e  hours  because of s u b s t a n t i a l  c r acks  
i n  t h e  membranes. The membrane i n  t h e  f i r s t  c e l l  f e l l  o f f  t h e  alumina tube  
w i t h i n  a few minutes  fo l lowing  t h e  s tar t  of t h e  tes t .  The two o t h e r  c e l l s  
gave the fo l lowing  r e s u l t s :  

70 7 1  -- Cell  Number 
I n i t i a l  Open C i r c u i t  Voltage,  V o l t s  2.98 2.95 
I n i t i a l  Anode P o t e n t i a l  v s .  Ag-lm AgC1, v o l t s  -2.60 -2.53 
I n i t i a l  Cathode P o t e n t i a l  v s .  Ag-lm AgC1, v o l t s  +0.40 i-0.45 
I R  Free  Voltage a t  End of Test, v o i t s  2.37 2.35 
I n i t i a l  R e s i s t i v i t y  of Membrane, ohm-cm 114 4647 
F i n a l  R e s i s t i v i t y  of Membrane, ohm-cm -- 1954 
Duration of T e s t ,  hours 2% 3 

R e s u l t s  ob ta ined  w i t h  two c e l l s  us ing  porous alumina as membrane were a s  
fo l lows:  

Cel l  Number 
I n i t i a l  Open C i r c u i t  Vol tage ,  v o l t s  
F i n a l  Open C i r c u i t  Voltage,  v o l t s  
I n i t i a l  R e s i s t i v i t y ,  ohm-cm 
F i n a l  R e s i s t i v i t y ,  ohm-cm 
Duration of T e s t ,  hours  

74 77 
3 .08 3.14 
-- 

1.1 1 . 3  
98 <50 

535 407 
16% 15 

The membranes were found i n t a c t  when d i sman t l ing  t h e  ce l l s .  The dec rease  
i n  c e l l  performance w a s  a t t r i b u t e d  t o  d i f f u s i o n  of cuprous i m s  i n t o  t h e  
anode compartment of t h e  c e l l s  and d i r e c t  chemical  r e a c t i o n  w i t h  sodium. 

3 .1 .3  CELL TYPE: Mg-Li-Al/ KC L i C l f C l a s s  1 fr i t / /LiCl , /CuO/W KC 1 
a l l o y  

These c e l l s  u t i l i z e d  as a s e p a r a t o r  a 0.178 cm. th i ck ,  f i n e  g l a s s  f r i t  
(nominal maximum pore d iameter  4-55 microns)  fused  t o  t h e  bottom of t h e  Pyrex 
tube serv ing  a s  t h e  anode compartment. The tube  conta ined  t h e  a l l o y  immersed 

i n  about 3 grams of t h e  L i C 1 - K C 1  e u t e c t i c  mixture .  The g l a s s  f r i t  r e s t e d  
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on t o p  of approximate ly  10 grams of CuO i n  w i r e  form placed  i n  t h e  bottom of 
a Vycor tube w i t h  6-17 grams of t h e  e u t e c t i c  mix tu re  and a W o r  Cu w i r e  
c o l l e c t o r .  R e s u l t s  are g iven  i n  
Tables V and V I .  P o t e n t i a l - t i m e  and r e s i s t i v i t y - t i m e  curves f o r  c e l l  #75 
a t  a c u r r e n t  d e n s i t y  of 6.7 mamps/sq.cm. of g l a s s  f r i t  are shown i n  F igure  
9.  D e t e r i o r a t i o n  of t h e  a l l o y  s e c t i o n  above t h e  a n o l y t e  r a t h e r  than t h e  
coulometr ic  d i s s o l u t i o n  of t h e  immersed s e c t i o n  compelled t h e  replacement 
of t h e  anodes du r ing  c e l l  d i scha rges .  This  d e t e r i o r a t i o n  w a s  a s c r i b e d  t o  
chemical a t t a c k  by trace amount of oxygen p resen t  i n  t h e  a rgon  atmosphere 
main ta ined  above t h e  e l e c t r o l y t e s .  
as t h e  l i t h i u m  on t h e  s u r f a c e  of t h e  a l l o y  anode w a s  consumed i s  r e a d i l y  
appa ren t .  Before t h i s  t r ans fo rma t ion  t h e  anode a c t e d  e s s e n t i a l l y  as though 
it were a s o l i d  l i t h i u m  e l e c t r o d e ;  a f t e r  t h e  t r a n s f o r m a t i o n  i t  a c t e d  essen-  
t i a l l y  as a magnesium e l e c t r o d e .  

These c e l l s  were operated a t  420'-430°C. 

The t r a n s f o r m a t i o n  i n  t h e  c e l l  v o l t a g e  

With c e l l  #75 t h e  anode compartment was removed a f t e r  48 hours of 
Chemical a n a l y s i s  of t h i s  compartment showed a t o t a l  of 46.2 x 10 moles 
of Cu(I1) p r e s e n t .  
cont inued .  No a n a l y s i s  could be made of t h e  c e l l s  a f t e r  t h e  tests because 
f a i l u r e  of t h e  g l a s s  tube forming the anode compartment pe rmi t t ed  mixing of 
t h e  c a t h o l y t e  and a n o l y t e .  With c e l l  #76 t h e  h igh  r e s i s t a n c e  was probably 
due t o  a d e f i c i e n c y  of e l e c t r o l y t e  i n  t h e  anode compartment. 

e r a t i o n .  

A new anode and anode compartment was added and t h e  t e s t  

-8P 

The r e s u l t s  of c e l l s  of t h i s  type should be compared w i t h  c e l l  u s ing  a 
similar porous s e p a r a t o r  but  a molten cathode (p rev ious  s e c t i o n ) .  Within 
a r e l a t i v e l y  s h o r t  pe r iod  of time the molten CuCl d i f f u s e d  through t h e  
porous alumina s e p a r a t o r  and caused s h o r t i n g .  
a r e l a t i v e l y  low s o l u b i l i t y  a t  t h e  o p e r a t i n g  tempera ture  of t h e  c e l l ,  t h e  
d i f f u s i o n  of c u p r i c  i ons  through t h e  s e p a r a t o r  w a s  r e l a t i v e l y  slow and no 
d i f f i c u l t i e s  w i t h  s h o r t i n g  occurred. 

With t h e  s o l i d  cathode w i t h  

It is  s i g n i f i c a n t  t o  n o t e  t h a t  c e l l s  of t h i s  type f u n c t i o n  s a t i s f a c t o r i l y ,  
w i t h  t h e  e x c e p t i o n  of anode replacement as p rev ious ly  n o t e d ,  f o r  d i s c h a r g e  
t i m e s  i n  excess  of t h e  r e q u i r e d  72 hours.  As a matter of f a c t ,  c e l l  #75 
performed f o r  a t o t a l  of 156 hours  a t  c e l l  v o l t a g e s  i n  excess  of 1.35 v o l t s .  
This c e l l  r a n  107 hours a f t e r  t h e  replacement of t h e  anode compartment. 
During t h e  f i n a l  73 hours of d i scha rge ,  no changes o r  a d d i t i o n s  were made 
t o  t h i s  c e l l .  A t  t h e  r e q u e s t  of the NASA Techn ica l  Monitor,  no f u r t h e r  work 
was done w i t h  porous s e p a r a t o r s  and s o l i d  cathodes.  

3.2 RESISTIVITIES 

R e s i s t i v i t i e s  of membranes and s e p a r a t o r s  used i n  complete c e l l s  assembled 
f o r  d i s c h a r g e  s t u d i e s  a r e  given i n  Sec t ion  3.1.  Those s t u d i e s  i n  which only 
r e s i s t i v i t y  of t h e  membrane w a s  measured are desc r ibed  i n  t h i s  s e c t i o n .  
These c e l l s  con ta ined  no e l e c t r o a c t i v e  m a t e r i a l s .  

A N a A  membrane was formed by vacuum, hot  p r e s s i n g  accord ing  t o  t h e  procedure 
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T A B U  V 

PERFORMANCE OF THE CELL 

Cell NO.  75 
E lec t ro ly t e  we igh t  20.0 gms 
CuO weight 9.75 gms 

Current Drain: 5.0 mamps, 6.7 mamps/cm2 of g l a s s  f r i t  

T i m e  
Hours C e l l  Voltage i R  Drop Remarks - 

0 2.07 0.025 S t a r t  of t e s t  

6 

24 

30 

45 

49 

53 

57 

73 

83 

117 

14 1 

15 6 

1.53 

1.38 

1.88 

1.38 

2 . 1 1  

1.95 

1.50 

1.48 
-- 

1.43 

1.41 

1.36 

-- 
0.090 

0.090 

0.075 
-- 

0.075 
-- 

0.010 
-- 

0.020 

0.020 
-- 

Now operating as Mg anode 

Rep laced anode 

Replaced anode & anode 
compartment. 

Now operating as an Mg anode 

Replaced anode 

End of t es t ,  t o t a l  t i m e  a f t e r  
replacement of anode compart- 
ment - 107 h r s .  To ta l  t i m e  
a f t e r  l as t  replacement of 
anode - 73 h r s .  

Ce l l  t e s t i n g  stopped - tube forming anode compartment broke. 
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TABLE VI 

PERFORMANCE OF THE CELL 

Mg - L i  - A l / L i C  ,;//,las s/Lic 1 ,/cuo/w 
Alloy K C 1  f r i t  K C 1  

Cel l  No. 76 

E l e c t r o l y t e  weight 9.2 gms 
Cathode weight 10.0 gms 

Current Drain: 5.0 mamps, 6.7 rnamps/cm2 of g l a s s  f r i t  

Time 
Hours 

0 

2 

7 

10 

16 

20 

25 

5 1  

69 

75 

96 

C e l l  Voltage 

2.01 

2.02 

1.56 

1.52 

1.46 

1.35 

1.05 

1.27 

1.70 

1.36 

1.28 

i R  Drop Remarks 

0.014 S t a r t  of test 
-- 
-- 

0.015 

0.065 

0.68 Replace anode, previous anode 

Now opera t ing  as Mg anode 

a i r  oxidized due t o  lack of 
i n e r t  gas 

0.60 

0.15 

0.10 

0.10 

0.11 

Replace anode, add a d d i t i o n a l  
anoly te  

Now opera t ing  as Mg anode 

End of t e s t  

. 
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g iven  i n  Sec t ion  2 . 2 . 2  of t h e  F i r s t  Q u a r t e r l y  Report ( 3 ) .  R e s i s t i v i t e s  were 
measured as a f u n c t i o n  of t i m e  and tempera ture  w i t h  an A.C. Conduc t iv i ty  
Bridge us ing  t h e  c e l l  shown i n  Figure 5a.  The r e s i s t i v i t i e s  are shown i n  
Table V I I ,  

TABLE V I 1  

RESISTIVITY OF NaA MEMBRANE 

0 - T i m e  Temperature ( C )  R e s i s t i v i t y  (ohm-cm) 

0 408 20 , 700 
30 min. 44 1 4,680 
60 min. 445 4 , 080 

15 h r s .  55 min. 445 2 08 

The membrane was found s l i g h t l y  crazed a f t e r  t h e  test  b u t  was o the rwise  
i n t a c t .  
u n a f f e c t e d  by t h e  t r e a t m e n t .  When breaking  t h e  z e o l i t e  membrane, g l a s s y  
material could  be observed i n  c o n t r a s t  w i t h  t h e  i n i t i a l  porous a s p e c t  of 
t h e  m a t e r i a l .  

The bonding of RTV 560 t o  the membrane and t h e  Pyrex tube appeared 

Experiments were i n i t i a t e d  t o  determine t h e  e f f e c t  of i n t e r c r y s t a l l i n e  and 
i n t r a c r y s t a l l i n e  i n c l u s i o n  of s a l t s  i n  membranes immersed i n  i o n i c  m e l t s  on 
t h e  r e s i s t i v i t i e s  of t h e s e  membranes. These r e s u l t s  were obta ined  i n  a c e l l  
of t h e  type shown i n  F i g u r e  5b. The membrane a t t a c h e d  t o  i t s  suppor t  tube 
w a s  s u b j e c t e d  t o  vacuum f o r  v a r i o u s  pe r iods  of t i m e .  Res i s t ance  v a l u e  
ob ta ined  wh i l e  t h e  membranes were under vacuum were ve ry  e r r a t i c .  
a l l  r e p o r t e d  measurements were taken when t h e  c e l l  was a t  a tmospher ic  
p r e s s u r e .  The r e s u l t s  of t h e s e  r e s i s t i v i t y  measurements and t h e  c o n d i t i o n  
of t h e  membrane are g iven  i n  Table V I I I .  

The re fo re ,  

R e s i s t i v i t i e s  of a p o r c e l a i n  of h igh  sodium c o n t e n t  which had been s u b j e c t e d  
t o  i o n  exchange i n  molten L i N O  a r e  g iven  i n  S e c t i o n  3 . 3  and Table I X .  

3 .3  ZEOLITE AND PORCELAIN I O N  EXCHANGE 

3 

The N a X  z e o l i t e  was exchanged f o r  l i t h ium by r e p e a t e d  immersion i n  aqueous 
L i C l  s o l u t i o n s  and vacuum f i l t r a t i o n  as desc r ibed  i n  t h e  Sec t ion  1.1.2 of 
t h e  Second Q u a r t e r l y  Report  ( 8 ) .  
by r e p e a t e d  suspens ion  i n  d i s t i l l e d  water and vacuum f i l t r a t i o n  u n t i l  no 
c h l o r i d e  ion  was d e t e c t e d  i n  t h e  f i l t r a t e  u s i n g  t h e  s i l v e r  n i t r a t e  t es t .  
A t  t h i s  po in t  a sample of t h e  washed z e o l i t e  w a s  d i s s o l v e d  i n  n i t r i c  a c i d  
and a g a i n  t e s t e d  w i t h  s i l v e r  n i t r a t e .  Only a trace of c h l o r i d e  ion  was 
found. These tes ts  i n d i c a t e  t h a t  both t h e  e x t e r n a l  and i n t e r n a l  s u r f a c e s  
of t h e  z e o l i t e  c r y s t a l l i t e s  were e s s e n t i a l l y  f r e e  of exchanging s a l t s .  This 
poinr: i s  importanr: because ir: has been found that  i h e  resistivity resu l t s  
given f o r  L i X  i n  t h e  Second Quar t e r ly  Repor t ,  Sec t ion  1 . 3 . 1 w e r e  a c t u a l l y  
f o r  a sample which con ta ined  apprec iab le  amounts of LiC1.  To d i s t i n g u i s h  

The exchanged z e o l i t e  was c a r e f u l l y  washed 
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t h e s e  samples,  t h e  z e o l i t e  conta in ing  no L i C l  w a s  des igna ted  LiX-PJ.  

I 

The e x t e n t  of exchange which was obtained w i l l  be  determined by ana lyz ing  
t h e  z e o l i t e s  f o r  t h e i r  l i t h i u m  and sodium con ten t  u s ing  flame photometry. 

S o l u t i o n s  of LiX were prepared f o r  the de t e rmina t ion  of l i t h i u m  by flame 
photometry us ing  t h e  fo l lowing  method. 
L i X  was p laced  i n  a plat inum d i s h ,  moistened w i t h  water,  and t r e a t e d  w i t h  
three s e p a r a t e  5-ml p o r t i o n s  of 48 p e r  c e n t  h y d r o f l u o r i c  a c i d ,  evapora t ing  
t o  n e a r  dryness  a f t e r  each a d d i t i o n .  10 m l .  of 18 M s u l f u r i c  a c i d  was added 
and t h e  mixture  was hea ted  j u s t  t o  s t r o n g  fumes of SO The r e s i d u e  w a s  3 '  t aken  up i n  10 t o  15 m l  wa te r  and t r a n s f e r r e d  t o  a Vycor t es t  tube .  The 
s o l u t i o n  was evapora ted  t o  fumes and hea ted  w h i l e  d e l i v e r i n g  a slaw stream 
of a i r  above t h e  s o l u t i o n  from a quar tz  t ube  u n t i l  a l l  t h e  s u l f u r i c  a c i d  
was removed. The r e s i d u e  w a s  d i sso lved  i n  0.7 N s u l f u r i c  a c i d  s o l u t i o n .  
Standard s o l u t i o n s  were prepared with a p p r o p r i a t e  a d d i t i o n s  t o  compensate 
f o r  t h e  i n t e r f e r i n g  e f f e c t s  of a c i d i t y  and aluminum c o n c e n t r a t i o n  as 
sugges ted  by Brumbaugh and Fanus (9).  
work w i t h  LiX and o t h e r  exchanged z e o l i t e s  were n o t  completed dur ing  t h i s  
r e p o r t i n g  per iod .  

A 0.500 gram sample of f i n e l y  ground 

The r e s u l t s  of t h e  flame photometry 

Replacement of sodium ions  w i t h  l i t h ium ions  i n  membranes made of s p e c i a l  
p o r c e l a i n  of h igh  sodium con ten t  (NBS p o r c e l a i n )  w a s  performed as fo l lows .  
A p e l l e t  of t h i s  p o r c e l a i n  was sea led  on AV30 tube  (alumina) w i t h  a Pyro- 
ceram f 4 5  g l a s s  seal ,  The alumina tube w a s  p a r t i a l l y  f i l l e d  w i t h  l i t h i u m  
n i t r a t e  m e l t  and immersed i n  more of t h e  m e l t  a t  290 f 2 C .  A second but  
unsea led  p e l l e t  of t h e  same m a t e r i a l  was a l s o  immersed i n  L i N O  m e l t .  

A f t e r  24 hours  of impregnat ion,  tungs ten  e l e c t r o d e s  were placed i n  t h e  
m e l t s ,  i n s i d e  and o u t s i d e  t h e  alumina t u b e ,  and t h e  r e s i s t a n c e  of t h e  
s e a l e d  membrane a t  290 was eva lua ted  as a f u n c t i o n  of t i m e  w i t h  an AC 
Conduc t iv i ty  Bridge a t  1000 cps.  The r e s u l t s  a r eg iven  i n  Table I X .  

0 

3 

0 

TABLE I X  

RESISTIVITY OF LITHIUM EXCHANGED PORCELAIN 

- T i m e  Res is t ance 
(ohms 

24 hours  40.5 729 
32 hours  30.5 549 
46 hours  27.4 49 3 
78 hours  2 6 . 0  468 

118 hours 25.6 46 1 

Res is t i v  i t y 
( o hm- cm 1 

The ze~braries "ere found slightly crazed but s t r o n g  and uncracked. 
bonding of t h e  membrane t o  t h e  alumina tube  appeared una f fec t ed  by t h e  t r e a t -  
ment. 

The 

However, as p rev ious ly  repor ted  ( a ) ,  when t h e  l i t h i u m  n i t r a t e  i s  
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r ep laced  wi th  t h e  L i C 1 - K C 1  e u t e c t i c ,  c u r r e n t  f low through t h e  p o r c e l a i n  
caused ex tens ive  c raz ing .  

3 .4  MEMBRANE DEVELOPMENT 

The primary o b j e c t i v e  of t h i s  p o r t i o n  of t he  program was t h e  development of 
compat ible  z e o l i t e  membranes and seals. The secondary o b j e c t i v e  d e a l t  w i t h  
porous membrane s u b s t r a t e s  and n o n z e o l i t e  membrane materials.  

3 . 4 . 1  ZEOLITE MEMBRANE DEVELOPMENT 

Membranes f a b r i c a t e d  du r ing  t h i s  r e p o r t i n g  pe r iod  from t h e  Type X z e o l i t e  
are g iven  i n  Table  X .  I n  t h i s  t a b l e ,  2-14 and 2-16 were t h e  b e s t  compo- 
s i t i o n s  eva lua ted  con ta in ing  t h e  NaX z e o l i t e .  The s i n t e r i n g  l i m i t s  were 
determined by t h e  r e s u l t s  of t h e  x-ray d i f f r a c t i o n ,  i . e .  7$OoC/30 minutes  
f o r  composition No. 2-14 con ta in ing  18 w t .  % H PO4 and 700 C/30 minutes  f o r  
composition No. 2-16 con ta in ing  2 1  w t .  % of soaium s i l i c a t e .  

With t h e  i n t r o d u c t i o n  of t h e  Mg-Li-A1 a l l o y  anode and L i C 1 - K C 1  e l e c t r o l y t e  
i n  t h e  c e l l  r e s e a r c h ,  t h e  development of l i t h i u m  exchanged z e o l i t e  membranes 
was i n i t i a t e d .  Composition numbers 2-21 through 2-27 i n  Table X d e s c r i b e  
pre l iminary  experiments  w i t h  t h e  L i X  prepared  a s  d e s c r i b e d  i n  t h e  Second 
Q u a r t e r l y  Report (8). 
s i n t e r i n g  tempera ture  w a s  v e r y  c r i t i c a l  nea r  700 C and t h a t  exchanged 
z e o l i t e s ,  must be c a r e f u l l y  washed. Residues of t h e  exchanging c h l o r i d e s  
were found t o  b e  ve ry  d e t r i m e n t a l  t o  good s i n t e r i n g  behav io r .  

I n  t h e s e  composi t ions it  ;as c l e a r l y  ev iden t  t h a t  t h e  

A new l o t  of l i t h i u m  exchanged z e o l i t e  LiX-PJ, (desc r ibed  i n  S e c t i o n  3.3 of 
t h i s  r e p o r t )  caused no s i n t e r i n g  d i f f i c u l t y  due t o  i m p u r i t i e s .  This  z e o l i t e  
w a s  c h a r a c t e r i z e d  a s  desc r ibed  i n  Table  X I .  The l o w  me l t ing  and t ransforma-  
t i o n  pointoof t h e  l i t h i u m  exchanged z e o l i t e  L i X  w a s  ve ry  s h a r p  a t  approxi -  
mate ly  700 C .  I n  t h e  absence of a b i n d e r ,  a n  amorphous t r ans fo rma t ion  
appeared t o  be r a p i d l y  nuc lea t ed  a f t e r  1 t o  2 hours  a t  70OoC. 
p r o p e r t i e s  of t he  exchanged zeol i teatTered t h e  p o s s i b i l i t y  of f a b r i c a t i n g  a 
b inde r  f r e e  membrane. The main problem, of cour se ,  was t o  a r res t  t h e  amor- 
phous r e a c t i o n  s u f f i c i e n t l y  t o  develop bonding wi thou t  l o s s  of t h e  z e o l i t e  
s t r u c t u r e .  A s  shown i n  Table  XI, LiX-PJ w i t h  no b i n d e r  s i n t e r e d  a t  7OO0C 
f o r  30 and 9 0  minutes  r e t a i n e d  good s t r u c t u r e ,  bu t  was s o f t  t o  medium i n  
hardness .  S u i t a b l e  s t r u c t u r a l  i n t e g r i t y  f o r  t h e  g o a l s  of t h i s  program re- 
q u i r e  a ''medium-hard" o r  "hard" s c r a t c h  r e s i s t a n c e .  

The unique 

The use of 18% H PO a s  a b inde r  provided s a t i s f a c t o r y  s t r e n g t h ,  however 
t h e r e  w a s  a compromise i n  t h e  apparent  c r y s t a l  s t r u c t u r e  w i t h  t h e  l o s s  of 
peak i n t e n s i t i e s  and "amorphous" s w e l l i n g  of t h e  d i f f r a c t a g r a m .  
of t h e  binder  phase may dec rease  t h i s  e f f e c t .  The most s a t i s f a c t o r y  s i n t e r -  
i ng  condi t ion  f o r  2-28 was 7OO0C/15 min. 

3 4  
Reduct ion 

A s  i nd ica t ed  i n  Table  X,  a l i m i t e d  amount of work w a s  done us ing  a #45 
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g l a s s  as the b inde r .  This  g l a s s  i s  a Pyroceram material ob ta ined  from Corn- 
ing  Glass. I t s  composition i s  p r o p r i e t a r y .  

Hot p r e s s i n g  of t h e  l i t h i u m  exchanged z e o l i t e  was i n i t i a t e d  i n  o rde r  t o  d e r i v e  
a "pure1' z e o l i t e  f o r  c e l l  r e s e a r c h  f r e e  from t h e  unknown p e r t u r b a t i o n s  of 
t h e  b inde r  mater ia ls .  A l so ,  hot  p r e s s i n g  appeared t o  be t h e  obvious approach 
f o r  a t t a i n i n g  h igh  s t r e n g t h  w i t h  a maximum of r e t a i n e d  z e o l i t e  c r y s t a l  
s t r u c t u r e ,  p a r t i c u l a r l y  w i t h  t h e  temperature  s e n s i t i v e  l i t h i u m  exchanged 
z e o l i t e .  

Z e o l i t e  p e l l e t s  0 .5  inches  i n  diameter  by 0.062 inches t h i c k  were hot  
p re s sed  i n  alumina d i e s  mounted i n  a s m a l l  tube fu rnace  con ta ined  between 
t h e  p l a t e n s  of a s m a l l  manual h y d r a u l i c  p r e s s .  
w a s  app l i ed  t o  t h e  alumina punch f a c e s  t o  f a c i l i t a t e  e j e c t i o n  of t h e  p g l j e t .  
The pressed p e l l e t s  were subsequen t ly  lapped t o  remove traces of t h e  wash 
b e f o r e  x-ray a n a l y s i s .  

A wash of -325 mesh A 1  0 

Table XI, Membrane F a b r i c a t i o n  Data, shows t h e  work accomplished t o  d a t e  w i t h  
hot pressed samples HP-1  through HP-10. A s  noted i n  Table  = t h e  t r ans fo rma-  
t i o n  of LiX-PJ was a l s o  c r i t i c a l  when ho t  p re s sed  n e a r  700 C.  The r e l a t i v e l y  
h igh  compression, 49 m i l s ,  of HP-5 was p a r t i a l l y  due t o  t h e  compression of 
a Garlock 900 pad a t  t h e  punch-platen i n t e r f a c e .  This has been r e p l a c e d  w i t h  
a 10 m i l  t h i c k  plat inum pad. E x c e l l e n t  x-ray d i f f r a c t i o n  comparisons were 
ob ta ined  i n  samples HP-5, 6 ,  and 10. I n  p a r t i c u l a r ,  i t  w a s  d i f f i c u l t  t o  
d i f f e r e n t i a t e  t h e  x-ray d i f f r a c t i o n  p a t t e r n s  of HP-10 and t h e  s t a r t i n g  
m a t e r i a l s ,  
p s i  a t  7OO0C/2 hours  and a t  7350 p s i ,  650 C/5% hours .  
a t  b o t h  pressure ranges t o  p r e s s  and l a p  L iX-PJ  membranes f o r  e v a l u a t i o n  
and c e l l  r e s e a r c h .  

0 

S u i t a b l e  s t r e n g t h  and c r y s t a l o s t r u c t u r e s  were a t t a i n e d  a t  4900 
Work i s  i n  p r o g r e s s  

3.4.2 NONZEOLITE MEMBRANE INVESTIGATION 

During the cour se  of t h i s  program, t h e  c o m p a t i b i l i t y  of t h e  z e o l i t e s  w i t h  
molten metals  was found t o  be poor. Th i s  i s  g e n e r a l l y  a t t r i b u t e d  t o  an 
a t t a c k  on t h e  s i l i c a t e .  I n  an  a t t empt  t o  r e t a i n  sodium as an  anode mater ia l ,  
an i n v e s t i g a t i o n  of sodium a lumina te s  c o n t a i n i n g  P 0 
i n i t i a t e d .  
w i ths t and  a t t a c k  by molten sodium. 

as a s i n t e r i n g  a i d  was 5 It was hoped t h a t  t h e s e  composi t ions,  gaving no s i l i c a ,  might 

Table X I I i n d i c a t e s  t h e  compositions s e l e c t e d  f o r  s i n t e r i n g  e v a l u a t i o n s .  
These compositions were s e l e c t e d  on t h e  b a s i s  of a K 0, A l 2 O 3 ,  P20 
diagram desc r ib ing  s t a b l e  c r y s t a l l i n e  and n o n c r y s t a l l i n e  areas by 2. N. 
Syr i t skaya  (10) .  Composition C-9, made w i t h  67 NaPO 
t o  y i e l d  a t h e o r e t i c a l  composition of 33.3 Na 0, 3 3 . 1  A 1  03, an8 33.3 
P 0 
agter s i n t e r i n g  a t  700 C f o r  16 hours.  
b i l i t y  t e s t s  were n e g a t i v e  ( S e c t i o n  3 . 6 ) .  F u r t h e r  development w a s  d i scon-  
t i nued  when t h e  c e l l  r e s e a r c h  was focused on t h e  use  of Mg-Li-A1 anode 
m a t e r i a l s  i n  p re fe rence  t o  sodium. 

phase 

and 33 A 1  o3 (wt %) 

(mole %) was p o l y g r y s t a l l i n e ,  nonhydroscopic ,  and s g r u c t u r a l l y  sound 
Subsequent l i q u i d  sodium compati- 

2 
5 
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TABLE X I 1  

SODIUM ALUMINUM-PHOSPHATE COMPOSITIONS 

No. - 
Mole % 

A '2 '3 - '2 '5 Na20 - 
c-5 50.0 46.2 3.8 
c- 7 50.0 43.4 6.6 
C- 8 40.0 40.0 20.0 
c-9 33.3 33.3 33.3 
c- 10 10.0 22.5 67.5 
c- 11 20.0 20.0 60.0 

3.4.3 POROUS MEMBRANE SUPPORTS 

Porous membrane suppor t s  were f a b r i c a t e d  by d ry  p re s s ing  and s i n t e r i n g .  The 
o b j e c t i v e  of t h i s  work w a s  t o  develop a porous material the rma l ly  compatible  
w i t h  t h e  z e o l i t e  membranes. 
2 i n c h  diameter  10 m i l  membranes wi th  t h e  t h i c k e r  porous s u b s t r a t e  provid ing  
t h e  s t r u c t u r a l  s t r e n g t h .  

This  approach would allow t h e  f a b r i c a t i o n  of 

Table X I 1 1  Porous Membrane Subs t r a t e  Materials, d e s c r i b e s  t h e  materials 
f a b r i c a t e d .  The Z r O  materials were s e l e c t e d  t o  provide  a match f o r  t h e  
h igh  expansion z e o l i g e s  , approximately 10x10 
conta ined  open pore s t r u c t u r e s  as shown by t h e i r  r e l a t i v e l y  h igh  p o r o s i t i e s  
determined from water a b s o r p t i o n  measurements. 
t h i c k  of composi t ion S-4, Table X I I I ,  c o n t a i n i n g  90% A 1  03, 7% H PO and 3% 
b a l l  c l a y  was s i n t e r e d  and lapped. A s imilar  2 inch  d l s c  of z e o l i t e  comco- 
s i t i o n  2-14 was s i n t e r e d  and lapped f o r  mating t o  t h e  S-4 s u b s t r a t e .  An 
edge sea l  of t h e  80/20 Pyroceram blend w a s  s u c c e s s f u l l y  achieved  b e t w e n  t h e  
S-4 s u b s t r a t e  and t h e  2-14 z e o l i t e .  The 2-14 d i s c  was approximate ly  15 m i l s  
t h i c k .  

-6 o / C. A l l  materials f a b r i c a t e d  

A 2 i n c h  d i s c ,  1/16 inch  

3 4' 

The m a t e r i a l  AL-300, shown i n  Table X I I I  i s  a raw alumina material i n  b lock  
form supp l i ed  by Western Gold and PlatinumoCo., Belmont, C a l i f o r n i a .  
machined from AL-300 were s i n t e r e d  a t  1400 C/16 h r s .  and 15OO0C/2% hours .  
Thei r  r e s p e c t i v e  p o r o s i t i e s  of 39 and 15 % show t h e  l a t i t u d e  one may have 
f o r  t h e  development of porous s u b s t r a t e s .  High tempera tures  w i l l  completely 
v i t r i f y  t h e  m a t e r i a l .  AL-300 a l s o  e x h i b i t s  e x c e l l e n t  s t r e n g t h  a t  10-15 m i l s .  
I n  a d d i t i o n  t o  s u b s t r a t e  a p p l i c a t i o n s  t h i s  material may a l s o  be  u s e f u l  as a 
membrane. The use  of t hese  m a t e r i a l s  as porous s e p a r a t o r s  i s  g iven  i n  
Sect  i on  3.1.2.  

Discs  

The e l a s t i c i t y  d i sp l ayed  by s i l i c o n e  rubber  compounds such as Genera l  
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E l e c t r i c  RTV 560 a t  tempera tures  up  t o  4OO0C is  a s p e c i f i c a l l y  d e s i r a b l e  
a t t r i b u t e  i n  t h e  bonding of z e o l i t e  t ype  membranes t o  suppor t ing  tubes  
because of t h e  apparent  sh r inkage  observed i n  t h e s e  membranes when immersed 
i n  fused  s a l t s .  RTV 560 has been e x t e n s i v e l y  used as a s e a l a n t  f o r  t h e s e  
membranes i n  our s t u d i e s  i n  s p i t e  of t h e  lyophobic a c t i o n  a p p a r e n t l y  c r e a t e d  
by a s i l i c o n e  f i l m  sp read ing  from the s e a l a n t  o r  vapor depos i t ed  on a l l  
s u r f a c e s  i n  t h e  v i c i n i t y  of t h e  bonded s i t e s .  Since t h e  s i l i c o n e  f i l m  w a s  
des t royed  by sodium and cuprous c h l o r i d e  m e l t s  i n  i n i t i a l  c e l l  exper iments ,  
t h e  e f f e c t  of t h e  lyophobic f i l m  on t h e  apparent  r e s i s t i v i t y  of membranes 
was n o t  t r u l y  eva lua ted  u n t i l  the  a c t i v e  i n g r e d i e n t s  i n  the  c e l l s  were 
s e p a r a t e d  from t h e  membranes by t h e  i n e r t  L i C 1 - K C 1  e u t e c t i c  melt. 
r e c e n t  i n s t a n c e s  membranes bonded t o  s u p p o r t i n g  tubes  w i t h  RTV 560 were 
found t o  be "nonwetted" by t h e  molten L i C 1 - K C 1  even a f t e r  24 hour innnersion 
a t  4OOOC. 

I n  

Other s e a l i n g  techniques  were attempted us ing  g l a s s  r e s i n s  (Owens- I l l ino is  
Type 100) mixed w i t h  about 20% by weight of powdered mica. The mixture  
gave a s a t i s f a c t o r y  bond w i t h  meta ls  such  as n i c k e l  b u t  no t  w i t h  g l a s s  or  
a lumina i n  our exper imenta 1 c e  11s. 

The e v e n t u a l  b a t t e r y  c o n f i g u r a t i o n ,  a s  d e s c r i b e d  i n  t h e  Second Q u a r t e r l y  
Repor t ,  was des igned  t o  u t i l i z e  a n  alumina r i n g  f o r  membrane suppor t  and t o  
provide  s e a l i n g  s u r f a c e s  f o r  Kovar b e l l o i a  on each  s i d e  f o r  t h e  anode and 
cathode compartments. S u i t a b l e  s e a l i n g  g l a s s e s  were r e q u i r e d  t o  mount t h e  
membrane and i t s  suppor t  on a s t e p  in  t h e  I . D .  of t h e  alumina r i n g .  The 
f e a s i b i l i t y  of t h i s  approach w a s  app l i ed  t o  t h e  development of g l a s s  s e a l s  
between membranes and &'I diameter  96% alumina tubes  (McDanel AV-30). 

Di la tomet ry  exper iments  and d a t a  were accumulated f o r  t h e  materials of 
i n t e r e s t  i n  o r d e r  t o  de te rmine  t h e i r  t he rma l  l i m i t a t i o n s .  Table X I V  
i n d i c a t e s  t h a t  i n  g e n e r a l ,  the  z e o l i t e  m a t e r i a l s  e x h i b i t e d  thermal  expan- 
s i o n s  s imilar  t o  A 1 2 0 3 .  
t h e s e  m a t e r i a l s  causes  a s i g n i f i c a n t  change i n  t h e i r  thermal  c o e f f i c i e n t s ,  
i . e .  2-14 s i n t e r e d  85OoC/30 min. 

However, the development of a g l a s s  phase i n  

S e a l i n g  t echn iques  were devised  using Pyroceram g l a s s e s  45 and 95. 
c o e f f i c i e n t s  of t h e  s e a l i n g  g l a s s  were modified by b lending  g l a s s e s  45 and 
95. 
t ubes  w i t h  a n  80/20 r a t i o  of g l a s s  45 t o  g l a s s  95. The lower f u s i o n  p o i n t  
of g l a s s  95 a l s o  improved t h e  we t t ing  of t h e  i n t e r s u r f a c e s  d u r i n g  s e a l i n g .  
S e a l i n g  was performed i n  a small tube fu rnace  between 67OoC and 7OO0C f o r  
5 t o  7 minutes.  The t ime and temperature be ing  governed by t h e  t ransforma-  
t i o n  tempera ture  of t h e  p a r t i c u l a r  z e o l i t e  composition. 2-16 membranes 
were r e a d i l y  bonded t o  
r a t i o  of g l a s s  45 t o  g l a s s  95. The lower f u s i o n  po in t  of g l a s s  95 a l s o  
improved t h e  w e t t i n g  of t h e  i n t e r s u r f a c e s  du r ing  s e a l i n g .  These g l a s s e s  
have e x h i b i t e d  e x c e l l e n t  r e s i s t a n c e  t o  a t t a c k  by t h e  LiC1-KC1 e l e c t r o l y t e  
and molten CuC1. 

Thermal 

2-16 membranes were r e a d i l y  bonded t o  %'I diameter  McDanel AV-30 alumina 

d iameter  McDanel AV-30 alumina tubes  w i t h  an 80/20 

I n  some c a s e s ,  s u c c e s s f u l  g l a s s  s e a l s  w i t h  t h e  80/20 g l a s s  
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were made between phosphate  and sodium s i l i c a t e  bonded l i t h i u m  z e o l i t e s  and 
AV-30  alumina o r  kovar g l a s s .  More e f f o r t  is  needed, though, t o  improve 
t h e  r e l i a b i l i t y  of t h e  s e a l i n g  technique .  

TABLE X I V  

COMPARISON OF THERMAL COEFFICIENTS OF EXPANSION 

Mat e r i a  1 

Z- 14 
Z-  14 
Z- 16 
z- 19 
NB S 

A '2 '3 Pyrex (7740) 
Na-Ca Glass (0800) 
Kovar Glass  (7056) 
Zr02 
Rodar or Kovar 

cuin/in/OC x 

6.62 
9.38 
7.61 

14.02 
5.00 
6.89 
3.25 
9.2 
5 . 1  

10.0 
5.7 

0 Temp. Range C 

25-600 
25-600 
25-600 
25-600 
25-600 
25-600 
25-500 

0-300 
0-300 
0- 1000 

30-500 

Remarks 

S i n t e r e d  74O:C/30 Min. 
S i n t e r e d  8500C/30 Min. 
S i n t e r e d  700 C/30 Min. 

ARR Morganite 

L i t e r a t u r e  
L i t e r a t u r e  
L i t e r a t u r e  C a O  S t a b i l i z e d  
Mfrs.  Data 

I n i t i a l  s e a l i n g  experiments  w i t h  t h e  L i X  z e o l i t e s  i n d i c a t e d  t h a t  t h e s e  
m a t e r i a l s  had a r e l a t i v e l y  low thermal  c o e f f i c i e n t  of expans ion .  
i s  planned t o  de te rmine  t h e  e x t e n t  of t h i s  v a r i a t i o n .  

Di la tomet ry  

3.6 COMPATIBILITY TESTS 

Pre l imina ry  c e l l  t e s t s  i n d i c a t e d  a p o s s i b l e  r e a c t i o n  between t h e  sodium 
anode and t h e  z e o l i t e  s e p a r a t o r .  
ser ies  of experiments  were run  t o  b e t t e r  d e f i n e  t h e  c o m p a t i b i l i t i e s  of t h e s e  
m a t e r i a l s .  I n  t h e s e  tes ts  t h e  proposed s e p a r a t o r  i n  t h e  form of a t h i n  
p e l l e t  and an  excess  of t h e  a l k a l i  metal were s e a l e d  i n  Pyrex ampules under 
vacuum. 
The a m p u l e s  were then  p laced  i n  a muf f l e  fu rnace  a t  425 C (800°F) f o r  72 
hours .  
a l k a l i  metal removed by r e a c t i o n  w i t h  methanol  o r  e t h a n o l .  
separakor  composi t ions were t e s t e d  du r ing  t h i s  pagt  q u a r t e r :  2-14 s i n k e r e d  
a t  740 , 2-14 f i r g d  a t  850°, 2-16 s i n t e r e d  a t  700 , Z-16 f i r e d  a t  780 , 
2-17 f i r e d  a t  940 , NBS p o r c e l a i n ,  and p e l l e t s  of N a X ,  Nay, KA and L iX 
formed by vacuum, hot  p r e s s i n g .  (See Table  X f o r  a f u r t h e r  d e s c r i p t i o n  of 
t h e  sample f a b r i c a t i o n  d a t a . )  Subsequent exper iments  have shown t h a t  t h i s  
sample of LiX a l s o  conta ined  L i C 1 .  S i m i l a r  r e s u l t s  were found w i t h  t h e  
po rce l a in  and w i t h  a l l  z e o l i t e  samples -- d i s i n t e g r a t i o n  of t h e  p e l l e t  and 
format ion  of a da rk  powder. 

Therefore  e a r l y  i n  t h e  Thi rd  Q u a r t e r ,  a 

The a l k a l i  metal w a s  chosen t o  match t h e  c a t i o z  of t h e  s e p a r a t o r .  

A f t e r  t h i s  t i m e  p e r i o d ,  t h e  ampules were opened and t h e  excess  
The fo l lowing  

A s  p a r t  of t h e  f i n a l  e f f o r t  t o  use  a sodium anode, t h e  c o m p a t i b i l i t y  of t h e  
fo l lowing  m a t e r i a l s  w i t h  m e t a l l i c  sodium f o r  72 hours  a t  425OC was determined 
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i n  t h e  u s u a l  manner: a sodium-alumino-phosphate material des igna ted  C-9, a 
laminate  of t h e  NBS p o r c e l a i n  on porous Z r O  , and a vacuum, hot  pressed  
c y l i n d e r  of N a X  vacuum impregnated wi th  molzen L i C 1 - K C 1 .  
t h e  alumino-phosphate material w a s  completely d i s i n t e g r a t e d  leaving  a dark  
s ludge .  Although thc  ceramic on z i r c o n i a  appeared t o  be  i n  one p i ece  i t  
was completely blackened and could not be  handled wi thout  breakage. 
n a t i o n  of t h e  z e o l i t e  w i t h  L i C 1 - K C 1  d id  no t  improve t h e  c o m p a t i b i l i t y  w i t h  
molten sodium--the r e s u l t s  were t h e  same as before--darkening and d i s i n t e -  
g r a t i o n  of t h e  z e o l i t e  i n  con tac t  w i th  t h e  sodium. A s  a r e s u l t  of t h e s e  
c o m p a t i b i l i t y  tes ts ,  t h e  use of molten a l k a l i  metals as anodes w i t h  sepa ra -  
t o r s  of t h i s  type was dropped from cons ide ra t ion .  F u r t h e r  s t u d i e s  involv ing  
anodes w i l l  probably be  made w i t h  s o l i d  magnesium o r  magnesium a l l o y s .  

Af t e r  exposure ,  

Impreg- 

I n  a n t i c i p a t i o n  of f a b r i c a t i o n  of pro to type  c e l l s ,  t h e  c o m p a t i b i l i t i e s  of 
some of t h e  proposed components were determined.  Samples of 9.5 m i l  p e l l e t s  
of NaX bonded w i t h  Na2Si205, Kmar A (composition 29% N i ,  17% Co, 0.3% Mn, 
b a l .  Fe)  and an Au-Cu b raz ing  a l l o y  ( Incoro  60) were s e a l e d  i n  ampoules 
con ta in ing  e i t h e r  t h e  L i C 1 - K C 1  e u t e c t i c  05 a mixture  of CuCl con ta in ing  10 
mole per  cen t  KC1. A f t e r  72 hours a t  425 C ,  t h e  samples were examined. The 
z e o l i t e  p e l l e t s  were f r a g i l e ;  even before  t r ea tmen t  one of t h e  samples 
c racked .  The z e o l i t e  i n  con tac t  w i th  t h e  L i C 1 - K C 1  remained i n  one p i ece  
wh i l e  i n  t h e  molten s a l t  but  cracked a f t e r  washing and dry ing .  The sample 
of Kovar i n  con tac t  w i t h  L i C 1 - K C 1  showed no apparent  r e a c t i o n  w i t h  about a 
1% t o t a l  weight  l o s s .  The Kovar sample i n  con tac t  w i t h  CuC1-KC1 showed a 
weight  g a i n  of 14% due t o  a g r a i n y  but a p p a r e n t l y  p r o t e c t i v e  d e p o s i t  of Cu. 
The sample of b raz ing  a l l o y  i n  contac t  w i t h  L i C 1 - K C 1  showed a 0.25% weight  
l o s s  and a s l i g h t  green c o l o r  i n  t h e  fused  sal t .  No measurements were made 
upon t h e  sample i n  con tac t  w i t h  CuC1-KC1 s i n c e  i t  broke i n t o  s e v e r a l  small 
p i e c e s ,  a l l  of which could no t  be recovered.  No f u r t h e r  experiments  on t h e  
a l l o y  could be completed because of the  small amount of sample a v a i l a b l e .  
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SECTION 4 

FUTURE WORK 

During t h e  next  Q u a r t e r ,  e f f o r t s  w i l l  be  concen t r a t ed  i n  t h e  f o l l a w i n g  
areas : 

1 .  
which occurs  between NaX and 

Ion  exchange s t u d i e s  and a n a l y s i s  t o  determine t h e  e x t e n t  of exchange 

a .  Aqueous L i C l  
b.  Aqueous L i C 1 - K C 1  of t h e  e u t e c t i c  composi t ion 
c.  Molten L i C 1 - K C 1  e u t e c t i c  
d. Molten CuCl 

2 .  
determine t h e  c o n d i t i o n s  f o r  maximum s t r e n g t h  wi thou t  t h e  l o s s  of t h e  
z e o l i t e  s t r u c t u r e .  

Bonding techniques  w i t h  p a r t i c u l a r  emphasis on h o t  p r e s s i n g  LiX t o  

3. Effec t  of immersion i n  molten s a l t s  on t h e  s t r e n g t h  and composi t ion of 
z e o l i t e  membranes. 

4 .  
i n e r t  suppor ts .  

Development of s u i t a b l e  composi t ion f o r  s e a l i n g  z e o l i t e  membranes t o  

5 .  Upon development of s u i t a b l e  s e a l i n g  t echn iques  de t e rmina t ion  of t h e  
r e s i s t i v i t y  of L i X  membranes i n  fused  s a l t s .  

6 .  For membranes which perform s a t i s f a c t o r i l y  i n  t h e  molten s a l t  and 
r e s i s t i v i t y  t e s t s ,  de t e rmina t ion  of performance i n  expe r imen ta l  c e l l s  w i t h  
a Mg anode and a C u C l  cathode.  
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APPENDIX 

VOLUME CHANGE I N  TYPE X ZEOLITE 

The Type X z e o l i t e s  have a face-centered, cubic s t r u c t u r e .  The lengt.. of 
the  uni t  c e l l ,  ao,  can be determined from the  equation 

2 112 (h2 + k2 + 1 ) a. = dhkl  

where d i s  the  spacing f o r  t he  c r y s t a l  plane having the  ind ices  h ,  k ,  
and 1. hk 1 

The data  f o r  NaX and LiX given i n  the  following t a b l e  i s  taken from Table 
I1 of reference 8. 

CRYSTAL PARAMETERS OF NaX and L i X  

LiX(59 % exchanged) NaX 
a dhkl  0 dhk 1 0 

a 2 2 2  h +k +1 

3 
8 

11 
19 
27  
32 
35 
40 
43 
44 

Averages 

14.37 
8.79 
7.49 
5.70 
4.79 
4.40 
4.21 
3.931 
3.794 
3.749 

24.889 14.47 
24.858 8.85 
24.844 7.54 
24.846 5.73 
24.889 4.81 
24.891 4.42 
24.906 4.23 
24.864 3.946 

24.867 3.765 

24.873 2 0.021 

24.877 3. 808 

25.062 
25.028 
25.010 
24.977 
24.993 
25.004 
25.025 
24.958 
24.969 
24.973 

25.000 2 0.032 

Since these z e o l i t e s  have a cubic s t r u c t u r e ,  the  volume of t h e  u n i t  c e l l  i s  

3 Vo = a 
0 

4 

4 

For L i X  Vo = 1.5388 x 10 

NaX V = 1.5625 x 10 
0 

Volume Change 1.52% 
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